Introduction: Nondemented people with a family history of Alzheimer's disease (ADFH) and the ApoE-4 allele have been demonstrated to show a trend for a higher probability of cognitive decline and aberrant levels of cognitive-related biomarkers. However, the potential interactive effects on physical fitness have not been investigated. Purpose: The primary purpose of this study was to determine whether ADFH individuals with the ApoE-4 genotype show deviant brain event-related neural oscillatory performance and cognitively-related molecular indices. A secondary purpose was to examine the interactive effects on physical fitness. Methods: Blood samples were provided from 110 individuals with ADFH to assess molecular biomarkers and the ApoE genotype for the purpose of dividing them into an ApoE-4 group (n = 16) and a non-ApoE-4 group (n = 16) in order for them to complete a visuospatial working memory task while simultaneously recording electroencephalographic signals. They also performed a senior functional physical fitness (SFPF) test. Results: While performing the cognitive task, the ApoE-4 relative to non-ApoE-4 group showed worse accuracy rates (ARs) and brain neural oscillatory performance. There were no significant between-group differences with regard to any molecular biomarkers (e.g., IL-1β, IL-6, IL-8, BDNF, Aβ1-40, Aβ1-42). VO 2max was significantly correlated with the neuropsychological performance (i.e., ARs and RTs) in the 2-item and 4-item conditions in the ApoE-4 group and across the two groups. However, the electroencephalogram (EEG) oscillations during visuospatial working memory processing in the two conditions were not correlated with any SFPF scores or cardiorespiratory tests in the two groups. Conclusions: ADFH individuals with the ApoE-4 genotype only showed deviant neuropsychological (e.g., ARs) and neural oscillatory performance when performing the cognitive task with a higher visuospatial working memory load. Cardiorespiratory fitness potentially played an important role in neuropsychological impairment in this group.
Introduction
Alzheimer's disease (AD) is a common progressive neurodegenerative disorder characterized by neurocognitive decline that can precede the diagnosis of AD dementia by at least 2 to 3 years [1] [2] [3] . A greater understanding of preclinical biomarker changes that occur in AD might facilitate earlier identification of the disease. To date, no curative pharmacotherapy exists for AD. Therefore, identification of the earliest stage of preclinical AD disease in order to arrive at effective treatments is both urgent and important.
The apolipoprotein E (ApoE) allele is the major known genetic risk factor for AD [4] . However, the ApoE genotype alone is not considered an effective predictor in nondemented persons. For example, only the ApoE-4 allele on chromosome 19 is associated with cognitive decline over time, lowered onset age, and increased risk for late-onset sporadic AD in nondemented older adults [5] , whereas ApoE-2 may confer protection [6] . ApoE-4 is associated with declining memory [7] , impaired neuronal plasticity [8, 9] , and altered synaptic morphology [10, 11] . In comparison to noncarriers, cognitively normal ApoE-4 carriers show differences in functional activation [12] , glucose metabolism [13] , brain structure [14] , and anisotropic diffusion [15] . Nondemented elderly adults with ApoE-4 heterozygotes or homozygotes have been demonstrated to show the risk of developing impaired cognitive function 3-6 years in the future, as assessed using the Mini-Mental Status Examination (MMSE) [16, 17] . Thus, ApoE-4 is related to amnestic mild cognitive impairment (MCI) and is one of the most effective predictors of clinical progression from MCI to AD dementia [18] .
A family history of Alzheimer's disease (ADFH) in one of the most important risk factors established for the disease [19] . Previous studies have demonstrated that a parental family history of AD is associated with altered brain microstructure manifested as lower fractional anisotropy (FA) in regions of the brain known to be affected by AD [20] . Middled-aged AD siblings and children were found to be more likely to show a decline in memory and in selected intelligence subtests across a 4-year follow-up interval when compared to controls [21, 22] .
ADFH is the most important risk factor established for the early-onset disease, especially with pedigrees with an autosomal dominant pattern of inheritence [19] . Previous studies have demonstrated that nondemented middle-aged ADFH individuals with ApoE-4 carriers relative to noncarriers show reduced beneficial practice effects on memory tests and an accelerated decline in recall and verbal list learning over an average follow-up interval of 33 months [23] . Cognitively healthy middle-aged and older adults who are almost first-degree AD relatives have also been reported to show subclinical cognitive problems in recall, working memory, attention, and verbal learning among ApoE-4 carriers [24] [25] [26] . Among the heterogeneous MCI population, individuals at higher risk of AD (i.e., with ApoE-4 alleles) have been found to exhibit poorer neuropsychological performance in spatial navigation [27] . In addition, compared to individuals with ADFH who exhibit lower FA values, an additive effect of family history and ApoE-4 was found in which individuals with ADFH and ApoE-4 allele had the lowest FA values.
With the exception of a known genetic marker, discovery of additional factors for individuals with ADFH may help in early detection research to identify who will be more likely to develop AD. Physical fitness may influence individual susceptibility in the ApoE-4 allele and increased risk of cognitive decline with advancing age. Head et al. (2012) found that in cognitively normal individuals with the ApoE-ε4 allele, regular exercise at levels recommended by the American Heart Association modulates amyloid deposition in cerebrospinal fluid (CSF) and mean cortical binding potential (MCBP), with a greater exercise effect on MCBP values in ε4-positive individuals compared to ε4-negative individuals and augmented risk for amyloid deposition in ε4-positive individuals leading a sedentary lifestyle [28] . Etnier et al. (2007) demonstrated that aerobic fitness is a potential factor that may modulate ApoE-4 and cognitive functions involving memory in individuals at most genetic risk for Alzheimer's disease [29] .
AD is characterized not only by brain synaptic and neuronal loss but also by extracellular accumulation of amyloid-β (Aβ) and inflammation [30] [31] [32] . Aβ accumulation initiates neurodegeneration and is associated with Alzheimer's type clinical dementia [33, 34] . ApoE-4 increases Aβ aggregation and impairs soluble Aβ clearance in the brain relative to other isoforms of expressed human ApoE [35, 36] . In the amnestic MCI group, Aβ positive relative to Aβ negative patients exhibited higher frequency of ApoE-4 and poorer neuropsychological performance (e.g., spatial recognition and working memory) [37] . Higher levels of pro-inflammatory cytokines have been suggested to be independent, strong predictors of increased risk of progression to AD dementia [38, 39] , with higher serum levels of interleukin (IL)-1β, IL-6, and IL-8 being reported in patients with MCI or AD dementia [40, 41] . Reduced brain-derived neurotrophic factor (BDNF) levels are considered to be a pathogenic event in early AD and even in the earliest, prodromal stages of dementia (e.g., MCI) [42, 43] . Individuals with ApoE-4 carriers have been demonstrated to show lower BDNF levels than non-ApoE-4 carriers in females with AD, but not in males with AD [44] . The levels of Aβ, BDNF, and pro-inflammatory cytokines have been found to be strongly associated with physical exercise levels and cognitive functions [45] [46] [47] [48] .
Some indices that have been useful in predicting who will develop dementia include preclinical levels of neurophysiological and biochemical markers. Nondemented ADFH individuals with ApoE-4 carriers have been reported to show neuropsychological problems on different cognitive tests [23] [24] [25] [26] . Thus far, no study has examined the potential neurophysiological mechanisms underlying visuospatial working memory impairment in this group. Electroencephalogram (EEG) signals recorded from the scalp can be decomposed into different oscillatory frequency components (e.g., theta, alpha, and beta frequencies) through a wavelet analysis, which represents several aspects of cognitive processing (e.g., attention, working memory, and long-term memory) [49] , and can be simultaneously inspected as a function of time and frequency [50] to reflect neural mechanisms associated with cortical information processing and brain dysfunction [51] [52] [53] . Event-related neural oscillation was thus to explore the neurophysiological performance in the present study. In addition, as mentioned above, individuals with MCI/AD/ApoE-4 exhibit aberrant cognitive-related molecular markers that have not been explored in those with ADFH and the ApoE-4 genotype.
To sum up, the primary purpose of this study was to explore the levels of AD-and cognition-related biochemical markers and the performance on electroencephalogram (EEG) oscillations in ADFH individuals with the ApoE-4 genotype when performing a visuospatial working memory task. Furthermore, physical fitness level is strongly associated with the executive function and AD-related molecular markers. The interactive effects on physical fitness levels and neurocognitive performance/biochemical indices in individuals with ADFH and ApoE-4 were also explored to provide the foundations for clinical references on AD prevention. We believe that the present study can provide additional insights into the role of physical fitness in cognitive-related biomarkers in persons at genetic risk of familial Alzheimer's disease and a potential clinical application for the prevention of AD.
Materials and Methods

Participants
One hundred and ten participants, aged 30-70 years, were included with a family history of AD (ADFH), defined as first-degree relatives (siblings and children) with a clinical diagnosis of AD to reduce the interacting effects of genetic and environmental factors. DNA was obtained from their blood samples to determine the ApoE genotypes. ADFH individuals were subsequently divided into 2 ApoE genotype groups, E4 carriers (n = 16, all E3/E4 heterozygotes) and non-E4 carriers (n = 94, 75 E3/E3 homozygotes and 19 E2/E3 heterozygotes). The APOE-4 group comprised ADFH individuals with E4 carriers. In order to reduce the influence of trial number or sample size on EEG oscillation measures [54] , the non-APOE-4 group was randomly selected from the non-E4 carrier group and comprised 16 ADFH individuals with E3/E3 homozygotes (n = 14) or E2/E3 heterozygotes (n = 2). All participants had no other neurological, medical, or psychiatric illnesses (e.g., depression) that could affect memory or cognitive processing, significant cerebrovascular disease, musculoskeletal impairment, nor were they using antidementia medicine. All participants were right-handed, as assessed by the Edinburgh Handedness Inventory, and had normal (or corrected to normal) vision based on the minimal 20/20 standard. Written informed consent was obtained in accordance with the procedures set by the local Institution Ethics Committee.
Procedure
All participants were required to refrain from strenuous exercise for at least 24 h and were asked to avoid food, caffeine, smoking, and alcohol intake for at least 12 h. Each participant attended the cognitive neurophysiology laboratory for one session at about 8:30-9:30, which included the attainment of an informed consent form, blood withdrawal, the completion of a demographic and medical history questionnaire, the Mini-Mental State Examination (MMSE), the Montreal Cognitive Assessment (MoCA), Addenbrooke's Cognitive Examination-III (ACE-III), the Beck depression inventory-II (BDI-II), a social participation assessment, and a handedness inventory, where the cognitive task test was administered while simultaneously recording the electroencephalographic signals. Then, two certified personal trainers completed all senior functional physical fitness (SFPF) assessments [55] and estimated VO 2max using the Rockport Fitness Walking Test [56] , in which each participant was required to walk one mile as quickly as possible, with their heart rate (HR) being continuously recorded using a Polar heart rate (HR) monitor (RX800CX, Polar Electro Oy, Kempele, Finland).
Cognitive Task
Since deficits in spatial navigation [27] and short-term memory [57] may be early markers in Alzheimer's disease-related individuals (e.g., familial Alzheimer's disease or amnestic mild cognitive impairment) with or without the ApoE-4 allele, a modified visuospatial working memory task was adopted in the present study [58] .
As illustrated in Figure 1 , a modified version of a visuospatial working memory task [59] was adopted in the present study. In the task, each trial began with the white demand statement, "Please remember the location of the white boxes," which was placed at eye level with a viewing distance of approximately 100 cm, with a 600 ms duration. The statement appeared in the center of a computer screen (width = 43 cm) with a black background after a 100 ms warning tone (1000 Hz, 75 db SPL) presented binaurally through headphones. Then, a fixed rectangular area with white outlines of 9 squares appeared 1500 ms after the offset of the demand statement. Two or four of the squares (i.e., 2-item or 4-item condition, respectively) were filled with white, and their locations were randomly chosen in each trial. Following a 1500 ms exposure to this "spatial memory" stimulus, the computer monitor was turned to a black background for 3 s, during which the question, "In the next image, is/are the white box (es) in the same location(s)?" appeared for 1500 ms prior to a 1500 ms black background. Then, the "spatial probe" stimulus included the same 9 squares but with only 1 (2-item condition) or 2 (4-item condition) where the 9 squares were filled. In half of the trials, the location(s) of the box (es) matched the either (or 2) of location(s) of the filled 2 or 4 squares presented in the previous "spatial memory" stimulus. Matching and nonmatching trials were presented in a random order. The participants were asked to respond as quickly and accurately as possible by pressing the "M" on the computer keyboard with the index finger of the right hand ("yes") or the "Z" with the index finger of the left hand ("no"). Individual trials were separated by a 3.5 s inter-trial period. Each participant completed a total of 130 trials (50 2-item trials and 80 4-item trials). The experimental session was divided into three blocks (one for the 2-item condition and two for the 4-item condition), with a 3-min break after each block of trials. 
Blood Sampaling and Analysis
A 10 mL blood sample was taken from the antecubital vein for an analysis of serum inflammatory cytokine (e.g., IL-1β, IL-6, and IL-8), BDNF, Aβ1-40, and Aβ1-42 levels. To permit clotting, the blood samples were incubated at room temperature (BD Vacutainer Plus), after which they were centrifuged at 2500 rpm at 4 °C for 15 min (Hettich Mikro 22R, C1110, Hettich, Tuttlingen, Germany). The serum was stored at -80 °C in small aliquots. Inflammatory cytokines and BDNF levels were analyzed using human cytokine antibody-immobilized magnetic beads (Millipore, Billerica, MA, USA), and a Luminex 200 analyzer (Luminex, Austin, TX, USA) was used to perform the measurements. The levels of Aβ1-40 and Aβ1-42 biomarkers were measured using single molecule counting (SMC ® ) immunoassay technology with commercially available kits obtained from Millipore and Sigma (Aβ1-40: # 03-0145-00, Aβ1-42: # 03-0146-00). A single individual performed the entire procedure used to determine the molecular markers in order to avoid interoperator bias. In terms of inter-and intra-assay precision, blood samples were run on multiple plates over a period of 3 days. Spiked and unspiked samples were within 20% across experiments.
Time-Frequency Analysis
SPM8 for MEG/EEG (Welcome Department of Cognitive Neurology, London, UK; www.fil.ion.ucl.ac.uk/spm/) and custom MATLAB (MathWorks) scripts [60] were used to conduct this analysis. Prior to conducting the time-frequency analysis, large artifacts in the continuous EEG data were identified, and the maximum eye-blink was set. Eye-blink peaks were derived from vertical electrooculographic activity using both a regression and correlations, and a correction for the eyeblinks was applied to the EEG data [61] . These data were used to perform a correction for all channels. The offline ocular-corrected EEG data were locked to the stimulus onset and were segmented into epochs set at −1500 to 1500 ms relative to the stimulus onset. Trials containing artifacts exceeding ±150 uV were discarded [62] . A continuous Morlet wavelet transform (Morlet wavelet factor = 6) for single-trial data at a frequency band ranging from 2 to 65 Hz [63] was used to compute the power estimates. The oscillatory power, which herein was defined as the square of the modulus of the resulting complex number, was subsequently averaged across trials. The averaged oscillatory power for each condition for each participant was rescaled based on the baseline value, which ranged from −300 to −100 ms, before the stimulus onset [60] after taking the log10 transform of this quotient. All trials were averaged for each condition. The Fz electrode was selected for further analysis since oscillatory alpha activity at this site has been associated with a fitness effect on executive functioning [64] , Further, through functional magnetic resonance imaging, the prefrontal cortex was activated when the individuals performed the visuospatial working memory task adopted in the present study [58] . For each time sample and frequency, these log-transformed increases in signal power relative to 
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Statistical Analysis
The demographic characteristics and the differences in biochemical markers between the obesity and healthy-weight groups were compared using the Student's unpaired t-test. In order to evaluate the neuropsychological performance, the participants' reaction times (RT) and accuracy rates (AR, percentage correct) were separately analyzed using a mixed design, factorial, and repeated-measures analysis of variance (RM ANOVA). The Group (ApoE-4 vs. non-ApoE-4) was the between-subjects factor, and the Condition (2-item vs. 4-item) served as the within-subject factor. The ARs and mean RTs of those trials that were accepted served as the dependent variables. The normality and homogeneity of variance assumptions were respectively confirmed by the Kolmogorov-Smirnov test and the Lilliefors and Levene's tests. In cases where the RM ANOVAs exhibited statistically significant main effects due to the factors and their interactions, posterior comparisons of the mean values were carried out with multiple pairwise comparisons (adjusted using the Bonferroni correction). If deemed appropriate, the Greenhouse-Geisser (G-G) procedure was applied to correct the degrees of freedom whenever a major violation of the sphericity assumption was detected in the RM ANOVA, with more than two degrees of freedom. To complement the use of significance testing, the effect size (i.e., partial η2: η p 2 ) was additionally reported, where the magnitude of effects was based on the following standards: 0.01-0.059 represented a small effect, 0.06 to 0.139 represented a medium effect, and >0.14 represented a large effect [66] . In addition, a further across-group investigation was conducted using a Pearson's r product-moment correlation coefficient to determine the associations between the physical fitness scores and neurocognitive performances/the levels of molecular indices (if between-group significance was found), where p < 0.05 was deemed statistically significant.
Results
Participant Characteristics
As shown in Table 1 , the ApoE-4 and non-ApoE-4 groups were matched at the group level on sociodemographic variables (e.g., age, years of education, systolic and diastolic pressure, height, weight, BMI, and social participation) (all p > 0.05). A chi-square analysis failed to reveal any significant between-group gender distribution differences. The cognitive ability (e.g., MMSE, MoCA, and ACE-III), depressive state (e.g., BDI-II), and SFPF scores also revealed nonsignificant between-group differences. 
Behavioral Performance
Accuracy Rates (ARs)
The RM ANOVA on the ARs revealed a significant main effect of Condition (F(1, 30) = 91.02, p < 0.001, η p 2 = 0.75). The post hoc analyses indicated that the ARs for the 2-item condition (91.8%)
were larger than those for the 4-item one (71.6%) for both groups. These main effects were superseded by the Group × Condition (F(1, 30) = 11.01, p = 0.002, η p 2 = 0.27) interaction. Post hoc analyses indicated that the ApoE-4 group was only worse in the 4-item condition as compared to the non-ApoE-4 group (66.00 ± 17.17% vs. 77.19 ± 10.65%, p = 0.034).
Reaction Time
The RM ANOVA on the response times (RTs) only revealed a significant main effect of Condition (F(1, 30) = 92.40, p < 0.001, η p 2 = 0.76). The post hoc analyses indicated that the two groups had slower RTs for the 4-item condition (884.6 ms) than the 2-item condition (1047.0 ms).
Alpha Power Oscillations
As illustrated in Figure 2 , in terms of spectral EEG power, both trial conditions exhibited similar increases in theta (4-7 Hz) (all q < 0.05, FDR corrected) and decreases in alpha (9-13 Hz) (all q < 0.05, FDR corrected) and beta (15-30 Hz) (all q< 0.05, FDR corrected) oscillatory power after stimulus onset (see Figure 2 ), relative to the baseline period. No differences in conditions in the event-related power changes across all time points and frequencies (all q > 0.05, FDR corrected) were observed. However, the two-sample t tests revealed that the non-ApoE-4 group showed significantly greater decreases in oscillatory power at the alpha band (9-13 Hz) only in the 4-item condition relative to the ApoE-4 group approximately 300-550ms following target onset (all q < 0.05, FDR corrected), whereas this effect was not found in the 2-item condition. 
Molecular Biomarkers
As shown in Table 2 , there were no significant differences (all p > 0.05) at the group level with regard to any molecular biomarkers (e.g., IL-1β, IL-6, IL-8, BDNF, Aβ1-40, Aβ1-42) in the ApoE-4 and non-ApoE-4 groups. 
Correlation
As shown in Table 3 , among all the scores for the SFPF and cardiorespiratory tests, the VO2max showed significant correlations with ARs and RTs in the 2-item and 4-item conditions in the ApoE-4 group. For the non-ApoE-4 group, chair sit-and-reach scores and VO2max were only significantly correlated with the AR in the 2-item condition. Across the two groups, there were also significant correlations between VO2max and ARs or RTs in the 2-item and 4-item conditions. In addition, the scores for the grip and arm curl showed significant correlations with the ARs in the 2-item condition. The grip score was also significantly correlated with the AR in the 4-item condition.
In order to determine whether the group differences in EEG oscillations could be explained by physical fitness performance, the EEG oscillations during visuospatial working memory processing for the two conditions were correlated with the SFPF scores and the cardiorespiratory tests. However, none of these correlations reached the significance level for either group (all q > 0.05, FDR corrected) as well as across all participants (all q > 0.05, FDR corrected). 
Molecular Biomarkers
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As shown in Table 3 , among all the scores for the SFPF and cardiorespiratory tests, the VO 2max showed significant correlations with ARs and RTs in the 2-item and 4-item conditions in the ApoE-4 group. For the non-ApoE-4 group, chair sit-and-reach scores and VO 2max were only significantly correlated with the AR in the 2-item condition. Across the two groups, there were also significant correlations between VO 2max and ARs or RTs in the 2-item and 4-item conditions. In addition, the scores for the grip and arm curl showed significant correlations with the ARs in the 2-item condition. The grip score was also significantly correlated with the AR in the 4-item condition.
In order to determine whether the group differences in EEG oscillations could be explained by physical fitness performance, the EEG oscillations during visuospatial working memory processing for the two conditions were correlated with the SFPF scores and the cardiorespiratory tests. However, none of these correlations reached the significance level for either group (all q > 0.05, FDR corrected) as well as across all participants (all q > 0.05, FDR corrected). Table 3 . The relationships between senior functional physical fitness/cardiorespiratory tests and neuropsychological performance in the visuospatial working memory paradigm in the ApoE-4 and non-ApoE-4 groups and all participants.
Group Grip Arm Curl Chair Stand 8-Foot Up-and-Go Back Scratch Chair Sit-and-Reach VO 2max
ApoE-4 2-item AR r = 0.48, p = 0.059 r = 0.38, p = 0.142 r = 0.25, p = 0.351 r = 0.29, p = 0.273 r = −0.34, p = 0.902 r = 0.15, p = 0.590 r = 0.59, p = 0.017 4-item AR r = 0.46, p = 0.071 r = 0.41, p = 0.119 r = 0.24, p = 0.366 r = 0.43, p = 0.100 r = −0.45, p = 0.077 r = −0.28, p = 0.295 r = 0.63, p = 0.009 2-item RT r = −0.41, p = 0.120 r = −0.18, p = 0.518 r = −0.08, p = 0.779 r = −0.40, p = 0.129 r = 0.35, p = 0.179 r = 0.07, p = 0.805 r = −0.52, p = 0.039 4-item RT r = −0.30, p = 0.254 r = −0.06, p = 0.826 r = 0.07, p = 0.792 r = −0.34, p = 0.204 r = 0.56, p = 0.023 r = 0.26, p = 0.328 r = −0.55, p = 0.027 non-ApoE-4 2-item AR r = 0.32, p = 0.230 r = 0.40, p = 0.121 r = 0.46, p = 0.074 r = −0.39, p = 0.131 r = −0.12, p = 0.672 r = 0.51, p = 0.042 r = 0.56, p = 0.024 4-item AR r = 0.44, p = 0.090 r = 0.22, p = 0.410 r = 0.19, p = 0.488 r = −0.34, p = 0.202 r = −0.10, p = 0.726 r = 0.38, p = 0.149 r = 0.46, p = 0.072 2-item RT r = −0.24, p = 0.377 r = −0.37, p = 0.160 r = −0.10, p = 0.707 r = 0.17, p = 0.538 r = −0.23, p = 0.399 r = −0.49, p = 0.056 r = −0.31, p = 0.238 4-item RT r = −0.11, p = 0.687 r = −0.19, p = 0.478 r = −0.46, p = 0.865 r = 0.25, p = 0.352 r = −0.19, p = 0.489 r = −0.29, p = 0.269 r = −0.24, p = 0.366 All participants 2-item AR r = 0.37, p = 0.038 r = 0.37, p = 0.035 r = 0.32, p = 0.078 r = −0.00, p = 0.994 r = −0.12, p = 0.527 r = 0.25, p = 0.160 r = 0.52, p = 0.003 4-item AR r = 0.37, p = 0.035 r = 0.26, p = 0.147 r = 0.20, p = 0.273 r = 0.18, p = 0.323 r = −0.17, p = 0.349 r = 0.03, p = 0.876 r = 0.56, p = 0.001 2-item RT r = −0.30, p = 0.092 r = −0.25, p = 0.174 r = −0.08, p = 0.660 r = −0.15, p = 0.399 r = −0.02, p = 0.903 r = −0.19, p = 0.306 r = −0.40, p = 0.022 4-item RT r = −0.19, p = 0.310 r = −0.07, p = 0.690 r = 0.03, p = 0.859 r = −0.11, p = 0.556 r = 0.09, p = 0.638 r = −0.03, p = 0.893 r = −0.42, p = 0.017
Discussion
The current study investigated the levels of AD-and cognition-related molecular biomarkers and the neurophysiological mechanisms of visuospatial working memory impairment in ADFH individuals with ApoE-4 carriers to extend the body of research exploring the neuropsychological performance in such a group [24] [25] [26] . To provide a clinical reference for AD prevention, the interactive effects on physical fitness levels and neurocognitive performance/biochemical indices in ADFH individuals with ApoE-4 carriers were also examined. We found that although the ApoE-4 group showed comparable scores on senior functional fitness tests, RTs, and oscillatory responses in the theta and beta frequency range when performing the visuospatial working memory task, they exhibited worse ARs and deviant alpha oscillations in the 4-item condition. However, there were no significant differences at the group level with regard to any molecular biomarkers (e.g., IL-1β, IL-6, IL-8, BDNF, Aβ1-40, Aβ1-42) between the ApoE-4 and non-ApoE-4 groups. In the ApoE-4 group, cardiorespiratory fitness scores showed significant correlations with neuropsychological performance in the two low and high working-memory load conditions, suggesting a potential clinical application for the prevention of AD.
Oscillatory responses in the theta and alpha frequency range are associated with the engagement of working memory processes and play a fundamental role in visuospatial working memory [53] , with theta oscillation being related specifically to working memory processes (e.g., memory encoding and retrieval) and the functioning of central executive [67, 68] , and alpha oscillation to attention and memory processes, especially in response to increased memory load and demands [51, 69, 70] . Accumulating evidence indicates that the ApoE-4 allele is related to impaired neuronal plasticity [8, 9] and altered synaptic morphology [10, 11] . A study of middle-aged nonsymptomatic ADFH individuals with ApoE-4 carriers revealed abnormal prolongation of P300 latency when performing an auditory oddball paradigm as compared with ADFH individuals without ApoE-4 carriers [71] . In terms of neural oscillations, Sun et al. (2017) demonstrated that significant abnormalities in hippocampal synaptic function occur in as little as 4 months in ApoE-4 mice, which showed impaired carbachol-induced hippocampal theta oscillations without changes in synaptic vesicle recycling compared to ApoE-3 mice [72] . Further, Babiloni et al. (2004) found that the amplitude of EEG alpha sources in temporal, occipital, and limbic areas was lower in ApoE-4 carriers than in noncarriers in both MCI and AD participants when cortical sources are estimated from resting eyes-closed EEG rhythms [73] . However, the present study only partly supported these previous findings. That is, only the performance of the alpha but not the theta oscillation was significantly different between the middle-aged and older ApoE-4 and non-ApoE-4 groups. Since frontal midline theta oscillations are related to the central executive functions of working memory [68] , the ApoE-4 group showed comparable oscillatory theta activity to that of the non-ApoE-4 group, suggesting that ADFH individuals with ApoE-4 carriers still process new information efficiently when they are required to dynamically integrate spatial information into decision-making processes. However, working memory can be decomposed into a central executive component and short-term memory, which are associated with the controlled attention processes necessary for retaining information in spite of interference or distraction [74] . In the present study, the ApoE-4 relative to the non-ApoE-4 group exhibited deviant alpha oscillations, suggesting that cognitive functioning related to attention and memory processes in terms of information maintenance was impaired in the ADFH individuals with ApoE-4 carriers when performing the visuospatial working memory task, especially when exposed to increased memory load and demands [51, 69, 70] . It is worth noting that the non-ApoE-4 group only showed significantly greater decreases in alpha oscillation and better ARs in the 4-item condition as compared to the ApoE-4 group. This finding implies that middle-aged and elderly ADFH individuals with ApoE-4 carriers still have sufficient cognitive ability to perform lower working-memory load tasks before progression to MCI or AD dementia.
The present study provides insight into how an early deviant alpha underlying ApoE-4 in ADFH individuals affects visuospatial working memory performance. In fact, event-related desynchronization in the alpha band specifically reflects an increased excitability level of neurons in the involved cortical areas, which could be related to enhanced information transfer in thalamocortical communications [51] . Cantero et al. (2009) found that the level of functional dependence between corticocortical EEG sources and thalamic and cortical sources involved in the generation of lower alpha oscillations is abnormally facilitated in individuals with MCI compared to healthy elderly controls [75] . Since individuals with ApoE-4 carriers are at increased risk of developing MCI and AD [76] , abnormalities in EEG-alpha oscillations elicited by the working-memory-related task could thus be considered a promising biomarker of MCI or early-onset AD.
Importantly, the ApoE-4 allele has a dose-related effect on increasing risk and lowering onset age for the late onset familial and sporadic forms of AD [5] . In the present study, after assessing the ApoE genotype, ADFH individuals with ApoE-4 carriers were all heterozygotes (E3/E4 genotype). Although a previous study reported that in the families with late onset AD, homozygosity for ApoE-4 is virtually sufficient to cause AD by age 80 [5] , a single copy of ApoE-4 also confers a 20% risk of developing the disease [76] . In addition, Small et al. (2000) demonstrated that a single copy of the ApoE-4 allele is also associated with lower cerebral cortical metabolism (e.g., the parietal, temporal, and posterior cingulate areas) [4] , which could predict cognitive decline after 2 years of longitudinal follow-up since patients with AD have been demonstrated to show extensive early deposition of neuropathological lesions in these cerebral areas [77] . Therefore, the neurocognitive impairment of the visuospatial working memory in the ADFH individuals with ApoE-4 heterozygotes in the present study is still worth considering in terms of how to maintain or even improve this cognitive function, since they still exhibit comparable levels of AD-and neurocognition-related molecular biomarkers, as shown in the present study.
Actually, it has been well established that physical fitness plays an important role in neurocognitive deficits in individuals with a higher risk of developing AD [48] . In the present study, although the correlations between the event-related neural oscillatory performance and any physical fitness scores did not reach a significant level in either group, cardiorespiratory capability showed significant correlations with the neuropsychological performances in the ApoE-4 group and across both groups. Further, the muscle strength scores (e.g., grip and arm curl) showed significant correlations with ARs across both groups. Since ApoE deficiency is associated with reduced skeletal muscle blood flow and decreased endothelial nitric oxide production [78] , physical exercise aimed at improving physical fitness performance has been seen to be reduced in many ApoE-deficiency studies. Etnier et al. (2007) found aerobic fitness (i.e., VO 2max ) to be a positive predictor of neuropsychological performance on memory-related tasks only for ADFH individuals with ApoE-4 homozygotes, but not in the case of the ApoE-4 heterozygotes and ApoE-4 noncarriers [29] . Somewhat inconsistent with the findings of Etnier et al. (2007) [29] , in the present study, we found that individuals with ApoE-4 heterozygotes showed significant correlations between the estimated VO 2max and neuropsychological performance (i.e., RTs and ARs) when participants performed the visuospatial working memory task. Individuals with higher cardiorespiratory fitness have been reported to exhibit better performance on a wide variety of cognitive tasks [79, 80] . In individuals with MCI, a transitional stage from normal aging to dementia, their deficits on the neurophysiological (e.g., event-related P3 potential) index when performing a task-switching paradigm were associated with cardiorespiratory capability, although they had comparable performance on most parts of physical fitness tests as compared to the controls [81] . Through acute and chronic exercise interventions, neurocognitive performance (e.g., ARs, RTs, and event-related potential P3 amplitudes) has been shown to be effectively facilitated after aerobic and resistance exercise in individuals with MCI when performing various cognitive tasks [48, [82] [83] [84] . Most importantly, only a change in cardiorespiratory fitness prior to and after exercise intervention was significantly correlated with changes in the levels of brain-derived neurotrophic factors [48] . Combining the findings of the present and previous studies, cardiorespiratory capability seems to have clinical significance related to neuropsychological and neurophysiological indices in individuals at higher (genetic) risk for developing AD.
The present investigation provides support for neurophysiological mechanisms of visuospatial working memory deficits and an association between cardiorespiratory fitness and ApoE-4 allele in individuals with ADFH. However, there are limitations that must be acknowledged. First, ApoE-4 allele has been reported to associate with lower Aβ1-42 levels in peripheral blood samples [85] . There were only sixteen participants with a single copy of APOE-4 screened from 110 ADFH participants, which could limit the generalizability and reliability of the current biochemical findings (i.e., the lack of group differences). Additionally, the relationship between the ApoE-4 allele and cognitive declines showed a gene-dose effect in elderly men and women [16, 17] , with homozygotes showing more risk of developing impaired cognitive function than heterozygotes. However, in the present study, although all ADFH participants with ApoE-4 were heterozygotes, they still exhibited worse neurocognitive performance in the higher working-memory-loaded task as compared to the ADFH with non-ApoE-4 carriers. Nevertheless, the presence of two copies of the ApoE-4 allele increases the risk of late-onset AD by about 12 times, and the presence of one copy increases the risk by about 3.7 times. Future research is warranted in this area, possibly examining the interactive effects of aerobic fitness and the ApoE genotype with a larger number of ADFH individuals with homozygous/heterozygous ApoE-4 carriers. Second, inferences about the causal flow between aerobic fitness and the ApoE genotype are not possible given the cross-sectional design since cardiorespiratory fitness and VO 2max trainability are associated with genetic factors. This limitation can only be addressed through a longitudinal aerobic-exercise intervention study intended to examine changes in neurocognitive performance relative to ApoE-4 status. However, ApoE polymorphism is a genetic factor contributing to variability in the differences in physical fitness (e.g., cardiorespiratory fitness) responses to chronic exercise training [86] [87] [88] [89] . Future studies using an experimental design should be viewed with caution at this point. Third, the levels of serum Aβ1-40 and Aβ1-42 biomarkers were analyzed in the present study. Along with the development of ultrahigh-sensitivity assay technologies, such as multiplexed flowmetric analysis and single-molecule array, peripheral blood samples might provide an indirect and precise detection of Aβ1-40, Aβ1-42, and tau protein depositions in the brain for prevalent neurodegenerative diseases [90] [91] [92] . However, previous studies reported that, as compared to the measurement of plasma levels, CSF levels of Aβ1-40 and Aβ1-42 were useful to support the clinical diagnosis of AD, and there were no correlations between plasma and CSF compartments [93, 94] . Thus, care must still be taken when generalizing the present findings at this stage.
Expanding the existing research findings in ADFH individuals with ApoE-4 carriers, although such a group has been demonstrated to show subclinical cognitive problems [24] [25] [26] , the ApoE-4 group relative to the non-ApoE-4 group at this stage only partly exhibited worse neuropsychological (e.g., lower ARs) and neurophysiological (greater decreases in oscillatory power at the alpha band) in the higher working-memory-load (i.e., 4-item condition), but not the AD and neurocognition-related molecular biomarkers in the present study. However, ADFH individuals with ApoE-4 carriers are at increased risk of developing AD due to environmental, hereditary, and health risk factors shared with affected parents [95] . Furthermore, individuals at the highest risk for AD are considered to have the smallest cognitive reserves but to show the greatest benefit from cardiorespiratory fitness [29] . In the present study, cardiorespiratory fitness was found to be positively associated with neuropsychological performance in a cognitive task in ADFH individuals at the most genetic risk for AD. The present findings extend current knowledge and suggest that regular physical exercise designed to improve cardiorespiratory capacity may ameliorate visuospatial working-memory declines and further delay the onset of AD in such individuals. 
